This study was focused on the R&D of the elements of the systems for early warning of risk events as well as on the selection of the mechanisms and indicators for their management. The aim was to derive the mathematical dependences, bioalgorithms, and indicative correlations for upgrading of the HSPF hydrological model. For this purpose analogous modeling of transformation of organics in the river sediments of the parafluvial zone as a function of moisture (in %) was performed. This upgrading can be applied for correct and effective prognosis of the rate of self-purification in the Iskar River in the section from Beli Iskar Reservoir to Iskar Reservoir. The results showed that the combination of total dehydrogenase, nitrate reductase and phosphatase activities could be considered an effective instrument for water quality management and for prediction of the rate of transformation processes. The derived linear mathematical dependences can be applied to calculate other microbiological and kinetic indicators important for monitoring, as well as to create special modules for the HSPF model with a well-functioning verification strategy.
Introduction
the management of risk events associated with the dynamics of water quantity and quality of the rivers used as sources of water supply, is a key element of the systems of early warning and eMS (environmental Management Systems) in the water cycles. the instruments of these systems are vitally important not only from an ecological and technological perspective, but also in economic and social aspects (18, 22) . the proven approaches of the systems of early warning are mathematical and analogous modeling directed toward the prognosis, description, deep understanding and management of typical risk situations (10, 19) .
Such a typical risk situation is the sharp changing of water quantity and quality of iskar River in the section between Beli iskar Reservoir and iskar Reservoir. this river section is of key importance for the water supply of Sofia, the capital of Bulgaria. Within the eU-funded project tempqsim, the hSPF (hydrological Simulation per Fortran) mathematical model was calibrated and tested for the prognosis of water quality and quantity by means of hydrological and some chemical parameters: nitrate, ammonium and phosphate concentration (12, 13) . however, the real formation and predicting of water quality depends on a huge complex of key parameters, indicators and processes, such as the indicators for the structure and functioning of the microbial communities in the water and sediments. Until now these indicators have not been included in the mathematical instrument of the hSPF, or in the other similar models used for prognosis. All this strongly reduces the reliability of prognosis of the risk events and the possibilities for their management.
A way to properly overcome these problems is a step-bystep practical development of the following elements of the prognosis: 1) construction of purposefully designed analogous models that simulate the risk situation; 2) selecting and proving the biological indicators and indicative connections that can adequately describe the dynamics of the river water and sediment quality as well as the rate of the self-purification transformation processes; 3) deriving new mathematical dependences, upgrading of the model and real change of biological indicators; 4) investigation of the correlation between different indicators and the possibilities for them to be applied jointly or separately in the monitoring, calibration and verification of the mathematical models, as well as for the deep understanding the processes that manage water and sediment quality.
Regarding the hSPF model and its application for the prognosis of the iskar River water quality and quantity, a critically important but ignored problem is the dynamics of pollutants, nutrients, microorganisms in the sediments that form the water quality at the time of risk situations at high waters.
During such risk situations the river water quality depends on the rate of the processes in the river sediments. that is why, it is necessary to investigate the transformation processes in the river sediments (in the parafluvial, riparian and hyporheic zones) depending on the moisture content and to derive the mathematical dependences, correlative connections and bioalgorithms for upgrading of the mathematical instrument of the prognostic models, namely, hSPF. these dependences are required for the obligatory contaminant verification strategy (17, 18) .
the working hypothesis of this paper is based on the dynamic transformation processes in the sediments during the period of low run-off, the interaction of resuspended matter and water quality during the first flush events, and the biochemical response to the changeable hydrological conditions. this information develops and adapts the hSPF model for the iskar River, Bulgaria, with additional modules including these new key elements. the application of the model was extended with an especially developed module describing the transformation processes in the river sediments, their preparation for inclusion in the mathematical instrument and concomitant monitoring program. We decoded biological information and interpreted derived connections in view of the biogeochemical principles and transformation mechanisms. Biological interpretation was made in parallel with mathematical dependences to relate each specific biological parameter with the sediment moisture gradient.
Materials and Methods
The Iskar River subcatchment the iskar River is situated in the Western part of Bulgaria, and is the longest river (368 km) whose course lies entirely within the territory of the country. it belongs to the Danube River Basin. the selected subcatchment begins at the river spring, ends at the iskar Reservoir and covers an area of 892 km 2 with an average altitude of 1314 m. The seasonal river flow is typical for the moderate continental climate zone, with low run-off in summer and winter, followed by high run-off in spring and autumn. the study was carried out in a model river section located within 1000 m up the iskar Reservoir. A broad monitoring program is being carried out in this river section, covering the parameters of stream and sediment quality assessed by key chemical, microbiological and biological indicators. Multiparameter automatic equipment has been installed for measuring water quality parameters and the water level (20, 21) .
The HSPF model hSPF is a comprehensive watershed model that simulates nonpoint source run-off and pollutant and water quality transport and fate (2) . it is a physically based model that incorporates GiS-data and has a friendly computational environment for easy scenario testing and simulation of largescale watersheds. Finally, the model integrates point and nonpoint sources with fate and transport processes (8, 22) . the calibration and verification of the HSPF model for the Iskar River were carried out in four steps: hydrological calibration, hydrological verification ( Fig. 1) , nutrient-based water quality calibration (21), nutrient-based water quality verification (12, 13) . the model, however, does not contain the module and possibility to predict the water quality by means of key biological indicators. 
Experimental hypothesis and design
the experiments tested the hypothesis that the changes in the rate and specificity of the processes is related to the moisture (in %) in the sediments and, respectively, to the degree of localization of the substrates, microorganisms and enzymes on the sediment surface.
in the development of the module, the following basic elements were included: 1) flooded parafluvial area after accidental rains and sharp increase of the water level is proportional to the water quantity; 2) the moisture of the sediments is also proportional to the water quantity; 3) the quality of the water at a flush event is directly related to the nutrients, organics, other pollutants, microorganisms, enzymes, co-factors, inhibitors and activators of the processes, etc. incoming from the river sediments; 4) the available nutrients and other pollutants in the sediments depend on the rate of the transformation processes in it; 5) the rate of the biotransformation processes in the sediments are directly related to the parameter "moisture".
on the basis of these key assumptions of the working hypothesis, an analogous model was designed for decoding the relationship and the mathematical dependence of the rate of transformation processes with four different levels of sediment moisture. The rate and specificity of the key transformation processes of organic matter, nitrogen and phosphorus were followed up during two stages of the development of microbial populations: 1) at the early stage (48 h); i.e. the initial and medium logarithmic phase, when the rate of the processes was highest because of the high initial concentration of the key substrates and electronic acceptors; 2) at the late stage (168 h); i.e. the end of the logarithmic phase and the stationary phase, when the initial substrates had been used up and the microbial populations had been restructured.
Sample collection and laboratory analyses
Before sampling, the top sediments were removed to eliminate the autotrophic biofilm. The next sediment layers (5 cm to 25 cm depth) were collected with a spade into a bucket. in order to standardize the substratum structure, the natural sediments were sieved (pore size of 10 mm). the sediment moisture was calibrated in the laboratory to 25 %, 35 %, 55 %, and 100 %. Plexiglas respiration tubes with upper and bottom stoppers, 52 mm in diameter and 300 mm height, were used. the upper stopper had an aperture in which a plastic tube with a clamp was fixed ( Fig. 2) . For each of the four simulated variants of different moisture contents, six respiration tubes were used. The tubes were half-filled with about 500 g of sediment with the investigated moisture. the tubes with sediment of 100 % moisture were topped up with sediment water. the tubes were closed tightly to avoid the exchange of air. the oxygen content in the tubes was not artificially maintained and anoxic conditions were naturally established. the light-dark and temperature regime simulated the in situ real-life conditions. the ph was in the range of 7.5-7.9. the temperature was between 12 °c and 15.2 °c. Bacteria were grouped as follows: microorganisms related to carbon transformation -aerobic heterotrophs (Ah), anaerobic heterotrophs (Anh), oligotrophs (oligo), and cellulose-degrading bacteria (celDegr); bacteria involved in nitrogen transformation -ammonifying bacteria (nh 3 -rel), nitrifying bacteria (nitr), and denitrifying bacteria (Dn); and bacteria indicating fecal contamination -endobacteria (endo) and Enterobacteriaceae representatives (coli). Aerobic and anaerobic heterotrophs were cultivated on nutrient Agar (Scharlau, Brit. Phar.), oligotrophs were cultivated on 1:10 diluted nutrient agar. Anaerobes were incubated in Anaerocult A (Merck co., inc.) for anaerobic conditions to form. coliforms and endo-bacteria were isolated on endo Agar Base (Scharlau, Brit. Phar.). Denitrifying bacteria were cultivated on Giltay Agar with nitrate as a sole nitrogen source (7) in an Anaerocult system for anaerobic conditions. nitrifying bacteria were cultivated on Soriano & Walker media (7) ; and ammonifying bacteria, on meat-peptone bouillon with phenol red as an indicator. cellulose-degrading bacteria were cultivated according to Kuznetzov and Dubinina (7) .
Four enzymes catalyzing key nutrient transformation reactions in the studied model system were chosen as indicators. total dehydrogenase activity as an indicator for general metabolic activity and for h + transport was studied in two versions -as DhA-ttc (measured with triphenyltetrazolium chloride) and DhA-int (measured with iodo-nitro-tetrazolium chloride). total dehydrogenase activity was determined according to lenhard's method described by Koleshko (6) . Nitrate reductase activity was determined based on the decrease in the nitrate concentration in a sample, measured with a selective nitrate electrode of a Jenway ion meter. the incubation mixture contained 25 ml 0.1 mol/l phosphate buffer (ph 7.5), 1 ml of 1 % glucose solution, 1 ml of 1 % KNO 3 solution. to create anoxic conditions before measurement of nitrate concentration, nitrogen gas was used. Phosphatase activity was determined according to Matavuly's spectrophotomethric method (11) , with p-nitrophenyl phosphate as a substrate, and absorption was measured at 420 nm.
All data are average values from at least three repetitions. Data analysis was performed with Microsoft excel 2007.
Results and Discussion

Analogous modeling of biotransformation processes in sediments of the Iskar River at a different moisture content
To study some specifics of nutrient transformation, the quantitative differences in some functional and taxonomic groups of bacteria were used. Data for key bacterial groups in the transformation processes were analyzed in several ways, with the aim to obtain a maximum amount of biological information. First, the studied bacterial groups were differentiated depending on a particular nutrient or an indicator mechanism. Bacterial numbers were presented as a function of moisture content during two phases ( Fig. 3, Fig. 4 ): the early stage (48 h), and the late stage (168 h).
At the early stage, all investigated bacterial groups were presented at highest numbers at 55 % moisture ( Fig. 3) . this is seen even better in Fig. 5 , where the bacterial groups are presented separately as a function of the moisture content. the major part of the studied biotransformation processes showed a highest rate at 55 % moisture, due to adsorption and greatest abundance of microbial consortia. Sediments with 55 % moisture content provided habitats with a specific combination of factors and were most favorable for the growth and functioning of aerobic and anaerobic heterotrophs, oligocarbophilic, cellulose-degrading, ammonifying, nitrifying, and denitrifying bacteria, and also of indicator bacteria such as endo-and coliform bacteria.
At 55 % moisture, the aerobic heterotrophs were most abundant, followed by endo-bacteria ( Fig. 5a, h) . Far fewer were the anaerobes, oligotrophs and cellulose-degrading bacteria (Fig. 5b, c, d) . the most abundant group of microorganisms participating in the nitrogen cycle was that of the denitrificators, followed by ammonifying bacteria, and by nitrifying bacteria with the lowest numbers ( Fig. 5e, f, g) . the results demonstrated that there was a very well-developed facultative anaerobic complex when the conditions in the sediments were anoxic. These bacteria play a significant role in organic matter transformation and could also contribute to the process of water self-purification when water passes through the sediments. The high amounts of denitrifiers confirmed our results that the denitrification rate was highest at 55 % moisture. The microbial indicators definitely demonstrated that biotransformation in sediments runs simultaneously and in parallel through aerobic oxidation (as far as oxygen is present in sediment pores) and through denitrification. The endo-bacteria numbers were also associated with the high transformation rate of organics. this bacterial group includes Gram-negative, cytochromoxydase-positive bacteria, which grow on endo media -mainly the genera Pseudomonas and Aeromonas.
notably high numbers were scored for coliform bacteria (Enterobacteriaceae), which indicates fecal contamination of the parafluvial sediments in the model river section (Fig. 5i) . this was not surprising, given that little villages in the region have no wastewater treatment facilities and all the wastewater from anthropogenic and agricultural origin flows directly into the main river channel. What was more interesting was the fact that the bacteria were accumulated in the parafluvial zone and retained vitality at 55 % moisture.
During the late stage (168 h) of the model transformation processes, the microbial groups remained in the same proportions (Fig. 4a, b) . the most abundant group was that of the aerobic heterotrophs. the denitrifying bacteria also kept their density. however, some exceptions were noted: the oligotrophs and ammonifiers significantly increased their densities. This result is in good agreement with the biodegradation of organics in the late stage. Bacteria which require lower nutrient concentrations and less organics flourished in the conditions of minimal organic content at this late stage. the high amount of ammonifying bacteria confirmed that progressive biodegradation of proteincontaining substances was underway. here, the increased numbers of coliforms ( Fig. 4c) are notable, showing that such bacteria could be retained in the system for a long time and could multiply when favorable conditions arise (9, 10) .
the obtained data for microbial densities are presented in Fig. 6 , using a different approach: that of comparing their variations during the early and the late stage of the studied processes. All microbial groups increased their cell density, shifting from the early stage to the late one. An exception were the nitrifying bacteria ( Fig. 6f) , whose amount remained the same in both stages, and the endo-bacteria, which decreased as a result of substrate depletion. the increase in the numbers of aerobic and anaerobic heterotrophs, oligotrophic and cellulosedegrading bacteria confirmed once again transformation of organics and accumulation of microbial biomass (Fig. 6a,  b, c, d) . The growth of the ammonifying bacteria reflected a step toward the further biodegradation of protein-containing organics and the rising number of denitrifiers indicated that heterotrophic denitrification dominated as a major process in riparian sediments (Fig. 6e, f) . the almost equal amounts of nitrifying bacteria during the early and the late stage were most possibly connected with oxygen depletion and decreased ammonium concentration (Fig. 6g) . Most bacterial groups were in highest numbers at 55 % moisture content during the late stage as was observed during the early stage, with the exception of the anaerobes, ammonifiers and denitrifiers, whose maximum was at 100 % moisture. it is most likely that exhausting of organics and electron acceptors on the surface of sediment particles in the late phase was what stimulated the growth of these bacterial groups in the water phase.
through interpretation of bacterial density data at different moisture content at both stages, some mathematical dependences were obtained which connected bacterial numbers with the moisture of sediments. this is a case of deriving some algorithms from microbiological data with the intent to include them in the hSPF model as an expanded module. All mathematical dependences were polynomials of third order ( Table 1) .
Enzymological monitoring by analogous modeling of transformation processes in river sediments
Another important element for biological monitoring of processes rate is the enzymology of bacterial communities. this indicative approach allowed us to connect the rate of each studied process with the activity of the underlying biological catalysts. As a major part of the enzymes are immobilized on the surface of sediment particles and act as extracellular enzymes, they play a significant role. There are three enzyme complexes that operate on the sediment surface: 1) intracellular enzymes in bacterial cells; 2) extracellular enzymes originating from bacterial excretion or even from dead cells and lysed cells; 3) enzymes of other than microbial origin, i.e. from other organisms, which retained activity in the sediments. enzymological methods can help to differentiate, at least to a certain degree, the biotransformation complexes from the abiogenic ones. Based on the kinetic parameters, transformation processes could be assessed in their complex integrity.
DhA-ttc gives information about complex aerobic and anaerobic dehydrogenase activity, while DHA-INT reflects only the activity of the anaerobic dehydrogenase complex. in addition, nitrate reductase and phosphatase activity were also measured. Fig. 7 illustrates the enzyme activities at the early and the late stage as a function of the moisture content in the sediments. three of the studied enzyme activities (Fig. 7a, c, d) were highest at 55 % moisture content, which also confirmed the above observation that sediments with 55 % moisture formed an optimal combination of factors that favor transformation processes and the growth of the bacterial consortium. An exception from this general tendency was nitrate reductase at the late stage: the highest activity was measured at 100 % moisture (Fig. 7d) . these results harmonized with the moisture requirements of denitrifiers, ammonifiers, and anaerobic heterotrophs, which were most abundant at 100 % moisture during the late stage ( Fig. 6b,   e, f) . Apparently, anaerobic denitrification required greater dynamics and mass exchange, which was ensured at higher moisture.
Seemingly there was a discrepancy in the DhA-int results: at both stages the activity was higher at lower moisture 35 % (Fig. 7b) . DHA-INT is, however, strongly influenced by the redox potential, hydrogen ion gradient, local cofactor concentration and substrates for the enzyme reaction (1, 3) . in combination, all these conditions were found on the sediment surfaces, where adsorption was better at lower moisture content.
Some mathematical dependences were derived to relate the enzymological parameters with a mathematical model and to reveal possibilities for differentiating biogenic from abiogenic transformation at various moisture content. All mathematical dependences of general biological and kinetic indicators on the moisture content are presented in Table 1 . the dependences are polynomials of third order and the correlation coefficient is high (R 2 = 1).
the derived dependences represent biological information translated into mathematics, with potential to be used in mathematical modeling. A step forward was made toward scientific-based and two-phase modeling for management of nutrient biotransformation in parafluvial sediments. These processes are directly connected with water quality control for risk events of sudden water-level rise and are a crucial element for ecological management (5, 23) .
Correlations
An important element in ecological management is adequate process biological control with especially selected biological parameters and indicator connections. We sought correlations between all selected indicators by the analogous modeling of transformation processes. the combinations of indicators are presented in Table 2 . Most of the correlations were polynomials from third order, showing that, despite the biological relations between the parameters, the mathematical dependences were complicated. A possible explanation could be that separate biological parameters were under the control of diverse abiogenic and biogenic factors, the complex interaction among them, and superposition effects (4, 14, 15) .
Some of the studied parameters correlated linearly, which could be used in the biological control practice. linear correlations are especially useful when fast diagnostics is needed and for selection of a small number of parameters with better informativity and potential for resource quality management and processes management.
linear correlation was found between phosphatase activity in the sediments and the quantity of aerobic and anaerobic heterotrophs at the early stage. these data were in agreement with Matavuly et al. (11) , who proved such correlation in river waters.
linear correlation was also found between the nitrate transformation rate and nitrate reductase activity at both stages, and between nitrate transformation rate and denitrifying bacteria. the linear correlation between these parameters confirmed that nitrate transformation in the model system was in general biogenic and was a result of the high nitrate reductase activity of the denitrifying microbial consortium. All these correlations demonstrated that the main part of released co 2 came as a result of biogenic degradation of organic matter through oxidation-reduction processes with participation of a powerful dehydrogenase apparatus, active both in aerobic and anoxic conditions. the results summarized in Table 3 showed that, at the early stage of the processes of transformation of organics in the sediments, the rate depended on and was connected with an increase in the amount of aerobic heterotrophic bacteria, anaerobic heterotrophic bacteria, and denitrifying microorganisms. the processes of the increase of the density of the microbial consortium, its adsorption on the surface of the sediment particles and optimal formation of the microbial biofilm were realized. In this case, the amount of microorganisms was correlated (linear correlation with high authenticity) with phosphatase activity (PA) and with the rate of nitrate transformation. At the late phase of transformation, the amount of the microbial consortium did not increase, but the transformation continued owing to the long-lasting activity of the key enzyme systems (DhA-ttc, nRA, PA). these factors contributed to the metabolism in the whole sediment ecosystem and for decoding of indicator mechanisms for its control, management and prognosis (16, 19) .
Based on the obtained results it could be concluded that at the early stage, the most important indicators for the purpose of prognosis and monitoring were the amounts of the key groups of microorganisms, while at the late stage, the reliable indicators were DhA-ttc, PA, and nRA. this combination could be considered as effective for water quality management and for prediction of the rate of transformation processes.
Conclusions
Based on our results for microbial control by analogous modeling, the following dependences could be outlined.
indicator and key bacterial groups were selected: microorganisms related to carbon transformation (aerobic heterotrophs, anaerobic heterotrophs, oligotrophs and cellulose-degrading bacteria), bacteria involved in nitrogen transformation (ammonifiers, nitrifiers and denitrifiers), and bacteria indicating fecal contamination (endo-bacteria and bacteria belonging to Enterobactriaceae). these microbial groups were chosen to relate the transformation rate to the specificity of the bacterial complex.
When analyzing data, indicative bacteria were related to different parameters: early and late stage of processes, nutrient content, moisture content. As a whole, most bacteria showed highest densities at 55 % moisture.
the development of the microbial communities during the early and the late stage proceeded simultaneously with the degradation of organic matter and depletion of electron acceptors. the bacteria from all the studied groups increased in number and secondary biomass accumulation was observed.
the increase of coliform bacteria growing in the sediments could be a risk factor for contamination of waters with opportunistic pathogens.
All of the studied bacterial groups, except for ammonifiers, denitrifiers and anaerobes, were in maximal amounts in the early and the late stage at 55 % moisture content.
The applied microbiological approach confirmed the role of sediments, and especially of the surface of sediment particles, as an important ecological zone where intensive biotransformation was carried out and where different bacterial complexes were accumulated. Sediments could be a source of nutrients in different forms and of diverse bacterial communities. Bacteria are an important factor for self-purification of water, but are, at the same time, also a source of contamination. those bacterial communities are a transitional element from sediments to the water phase and play a significant role for the ecological condition of waters.
The obtained results confirmed that, at the early stage, the most important indicators for the purpose of prognosis and monitoring are the amounts of the key groups of microorganisms, while at the late stage the reliable indicators that have to be applied are DhA-ttc, PA, and nRA. this combination could be considered as an effective instrument for water quality management and for prediction of the rate of transformation processes. the linear mathematical dependences can be applied to calculate other important microbiological and kinetic indicators, as well as to create special modules for the hSPF model, governing better river water quality during and after risk events.
